Abstract. Coherent drift modes and drift wave turbulence is studied in a collisionality dominated high-density helicon plasma. The drift wave instability is identified by comparison of the drift mode density fluctuations characteristics with a linear dispersion relation, which reproduces the experimentally observed bent eigenmode structures due to radial gradients of the collisionality profile. Special attention is paid to the parallel currents associated with the drift mode density fluctuations, which are in agreement with the basic drift wave instability mechanism. A coupling of drift mode to externally excited Alfvén waves is found, which results in frequency changes of the drift mode. The parallel currents associated with radially propagating density fluctuation structures in drift wave turbulence are similar to the drift mode case, which strongly suggests that polarization of the structures is a result of the parallel electron dynamics.
Introduction
Drift waves belong to the class of instabilities driven by a plasma pressure gradient perpendicular to the ambient magnetic field. They are low-frequency ω Ω ci (Ω ci denotes the ion cyclotron frequency) and can be observed in both linear and toroidal magnetic field geometry [1] [2] [3] [4] [5] . Already during the early days research of drift instabilities and drift wave turbulence was motivated by the 'anomalous' or fluctuation-induced transport.Here, drift waves are a candidate since they are characterized by relatively large perpendicular wavelengths λ ⊥ > ρ i (with ρ i the ion gyroradius) leading to a large anomalous diffusion coefficient D ⊥ ∝ ωλ 2 ⊥ [6] . The first systematic experimental investigations of the drift wave instability were done by D'Angelo [7] , soon followed by an explanation of the instability mechanism [8] . During the last decades drift wave turbulence has been studied intensely, in laboratory experiment [9] [10] [11] [12] [13] [14] [15] [16] and theory [17] [18] [19] [20] [21] [22] [23] [24] . Drift wave turbulence has attracted particular attention in the context of fusion experiments. The turbulent fluctuations show interchange-like characteristics in the scrape-off layer, which can be ascribed to the sheath boundary conditions of the material walls intersecting the magnetic flux surfaces [25] . However, the edge region is believed to be dominated by the drift wave instability [26, 27] . This has been confirmed by measurements in laboratory plasmas with magnetic confinement geometry [28] . Due to the three-dimensional nature of the drift wave instability, the electron dynamics parallel to the ambient magnetic field in response to the plasma pressure fluctuations is crucial for the destabilization of drift waves and the associated transport processes. In low-temperature laboratory plasmas collisionality is usually dominant and governs the electron non-adiabaticity. In the edge of a magnetically confined fusion plasma the much smaller collisionality allows induction effects to play a dominant role, the so-called driftAlfvén dynamics [29] : The parallel drift wave electron currents couple to kinetic shear Alfvén waves, which in turn create non-adiabatic electrons via induction. Although the associated magnetic field fluctuations are found to be negligible in anomalous crossfield transport (magnetic flutter transport [30, 31] ), they provide an additional coupling between the parallel drift wave currents and the electrostatic drift wave potential. In weakly collisional plasmas drift-Alfvén coupling is expected to dominate over collisions if the plasma-β exceeds the electron to ion mass ratio, β > m e /M i [32] . This is equivalent to the statement that the Alfvén speed is smaller than the electron thermal velocity v A < v e,th . If the plasma resistivity cannot be neglected, the above criterion is modified to β > (m e /M i ) (ν e /ω), where ν e is the collision frequency of the electrons with neutrals or ions and ω is the drift wave frequency. The transition from collisional drift waves to drift-Alfvén waves has been discussed by Scott [31] , where the influence on the adiabatic electron response is expressed as the dimensionless collisionality C and the dynamical plasma pressureβ. To achieve coupling between drift waves and Alfvén waves in lowtemperature laboratory experiments is a challenging task because of the usually high collision frequency, which often exceed the drift wave frequency by orders of magnitude and thereby leads to dominance of collisional effects over induction effects C β .
Nevertheless, the co-existence of drift waves and Alfvén waves was demonstrated in a laboratory experiment [33, 34] , in which density fluctuations were found to correlate with magnetic field fluctuations. Similar results have been obtained in a linear helicon device, in which drift-wave type fluctuations are accompanied by magnetic field fluctuations [35] . A different approach was pursued in an experimental campaign by Tang et al. [36] . An Alfvén wave was externally excited with a frequency close to the frequency of a drift wave to investigate their coupling. In turbulent edge plasma transport research it became evident the important role of turbulent fluctuation structures propagating in radial direction due to the self-consistent turbulent electric field. This was first observed in the tokamak scrape-off layer [37] . Common models for the radial structure propagation rely on the curvature of the magnetic field and the associated polarization of isolated turbulent structures due to curvature and ∇B drifts [38] [39] [40] [41] [42] . The formation of the structures and their relation to the edge plasma drift-Alfvén dynamics is generally not considered. Radial propagation of turbulent structures has recently been observed in linear magnetic geometry [43] [44] [45] , where magnetic curvature is absent. A model for turbulent structure polarization has been suggested by Krasheninnikov et al. [46] in partially ionized plasmas based on the interaction of the turbulent structure with the neutral gas background. Here as well the relation to the driving instability that leads to structure formation is omitted.
In the present paper we present detailed studies on the spatiotemporal dynamics of the drift wave instability in the linear and non-linear regime as observed in the lowtemperature laboratory plasma device Vineta. Sec. 2 describes the experimental setup and the diagnostic tools are outlined. The identification of the drift wave instability and the discussion of the drift wave dispersion relation is presented in Sec. 3. Measurements of the parallel currents associated with single coherent drift modes are presented. They turn out to be crucial for the interaction between drift modes and externally excited Alfvén waves. These experimental results are addressed in Sec. 4. In the non-linear turbulent regime it was demonstrated that the formation of turbulent structures is due to transport caused by quasi-periodic drift wave modes. The results are briefly reviewed in Sec. 5. The parallel dynamics associated with radially propagating turbulent structures is investigated by measurements of the parallel electron current response The results are summarized and conclusions are drawn in Sec. 6.
Experimental setup and diagnostics
Experiments are conducted in the linear cylindrical helicon plasma experiment Vineta [47] . A schematic of the device with the major diagnostic units is shown in Fig. 1 . It consists of a cylindrical vacuum vessel immersed in a set of 36 magnetic field coils, which produce a homogeneous magnetic with magnetic induction of B =0.1 T. Argon plasma is produced via helicon wave heating [48] . The helicon plasma source consists of a helical m = 1 antenna placed around a glass vacuum extension (length L = 20 cm, diameter d = 10 cm). The antenna is powered with an rf-frequency of f rf = 13.56 MHz at power levels P rf = 1 − 4 kW, thereby generating a high-density, low-temperature plasma with a maximum peak plasma density of n ≤ 2 · 10 19 m −3 at a relatively small electron temperature of T e ≈ 3 − 4 eV. The ion temperature is measured with laser-induced fluorescence to be T i = 0.2 eV [49] . The main diagnostic tool are electric probes, realized as single probes and probe arrays that can be scanned through the plasma by various probe positioning systems. Time-averaged plasma profiles are measured by evaluation of Langmuir probe characteristics, which are calibrated with a 160 GHz microwave interferometer. Density fluctuations are measured via ion saturation current fluctuations of electric probes, plasma potential fluctuations are measured with emissive probes. To gain access to the parallel dynamics of drift wavesḂ-probes are used to measure the current fluctuations patterns in the plasma. Here, special attention is paid to a constant phase run and a sensitive amplitude response in the low frequency regime f = 1 − 50 kHz. TheḂ-probes are realized as triple probes in cartesian geometry to measure simultaneously magnetic field fluctuations in all three dimensions (B x , B y , B z ).
Time-averaged radial plasma profiles of the plasma density, electron temperature, and plasma potential for rf heating power of P rf = 2 kW are shown in Fig. 2a -c. As a typical characteristic of helicon discharges a high peak plasma density at relatively low electron temperatures is achieved. The density profile has a nearly Gaussian shape with a typical gradient scale length of L ⊥ = (
The radial profile of the electron temperature has much weaker radial gradients, which leads to a rather broad plasma potential profile. Based on the radial evolution of the plasma density and electron temperature the radial electron-ion collision profile ( Fig. 2d) , develops radial gradients with a gradient length comparable to the density profile. In the maximum radial density gradient region the electron-ion collision frequency is ≈ 4 MHz, which is three orders of magnitude larger than the electron diamagnetic frequency f dia ≤ 20 kHz. Although the peak plasma-β exceeds the electron-to-ion mass ratio by one order of magnitude the plasma collisionality dominates in the adiabatic electron response over induction effects.
Coherent drift wave modes
The destabilization of drift waves in Vineta is achieved in a controlled way by changing the drift wave scale ρ s ∝ 1/B via the ambient magnetic field. The radial plasma profiles remain nearly unaffected by the magnetic field changes. Coherent drift modes as well as weakly developed turbulence can be observed. Single coherent modes with modenumbers ranging from m = 1−9 are observed in the frequency range f = 1−10 kHz. The observed fluctuations show all characteristics of the drift wave instability: The fluctuations are localized in the radial density gradient region, the spatial phase shift between density and plasma potential fluctuations is small in the range π/10 − π/4, and the fluctuations have a finite parallel wavelength k = 0 [16] . It was previously demonstrated that the density fluctuation frequency is in agreement with the linear drift wave dispersion relation [50] if the high collisionality is correctly included, which reduces the frequency of the drift mode [51] . A consequence of the radial variation of the collision frequency is that the spatial modestructure has a bent eigenmode structure. A characteristics of the three-dimensionality of the drift wave instability is the parallel electron current flowing in response to the plasma pressure fluctuations. This current can be directly measured using tripleḂ-probes oriented such that the parallel and the two perpendicular components of the magnetic field fluctuations are detected simultaneously. In general the parallel component of the magnetic fluctuations B z is found to be negligible. The perpendicular magnetic fluctuation pattern (B x , B y ), associated with a single coherent m = 3 drift mode, is shown in Fig. 4 . To minimize disturbances caused by the probe the measurements are done in only half the azimuthal plane. The time instants in Fig. 4 are chosen such that a minimum and the maximum of the mode density fluctuations are observed. The magnetic field pattern has a vortex structure and encircles the maximum and minimum structure, but in opposite direction. This indicates that the density fluctuations are associated with a fluctuating axial current, that changes direction as the density changes from minimum to maximum. The magnetic field amplitude increases with decreasing distance to the maximum density fluctuation amplitude. It peaks between the maximum and minimum of the density fluctuation due to superposition. These results demonstrate that the drift mode density fluctuations are associated with parallel current filament localized in the density fluctuation structure.
Interaction with magnetic fluctuations
Due to the collision dominance in the adiabatic electron response no self-consistent excitation of drift-Alfvén waves is observed in Vineta. However, following the scheme proposed by Tang et al. the interaction can be studied by external excitation of an Alfvén wave launched into a drift mode. The Alfvén wave excitation in Vineta is done using a pair of magnetic field coils in Helmholtz arrangement. Introduced into the plasma center this produces a perpendicular magnetic field perturbationB, that develops as an Alfvén wave parallel to the ambient magnetic field. Typical excitation amplitudes arẽ B/B 0 ≤ 3% directly at the exciter position. They decrease strongly in axial direction due to collisional damping. The Alfvén wave damping length is found to be <1 m. The excitation frequency is tunable over broad frequency range of f ex = 1 − 300 kHz, thereby overlapping with the drift mode frequencies f dw = 1−10 kHz. For the present interaction studies the Alfvén wave frequency is tuned across the drift mode frequency. The density fluctuations spectra for different Alfvén wave frequencies are shown in Fig. 5a.) . A m = 3 drift mode with a frequency of f = 11.2 kHz exists and the Alfvén wave frequency is tuned in the range f ex = 10 − 12 kHz. For a frequency missmatch of more than ≈3% no interaction in the spectra are observed and the drift mode and Alfvén wave just co-exist. For a smaller frequency missmatch a strong interaction between the Alfvén wave and the drift mode is observed. As shown in Fig. 5a . the drift mode is frequency pulled by the Alfvén wave.The spatial mode structure nearly unchanged, which cannot be explained from the linear drift wave dispersion relation. To investigate the interaction mechanism the radial parallel current pattern associated with the Alfvén wave and the drift mode is investigated by measurements of the perpendicular mangetic field fluctuation amplitudes (B x , B y ), Fig. 5b,c . The amplitude peaks in the plasma center at the radial position where the magnetic exciter is located. The maximum amplitude is ≈ 2 µT. The magnetic fluctuation amplitude of the drift mode peaks together with the density fluctuation amplitude (see Fig. 4 ). The amplitudes are ≈ 4 µT. For interacting Alfvén waves and drift waves perpendicular magnetic fluctuation amplitude profile develops three humps, Fig. 5d . Evaluation of the Alfvén wave current at the positions of the drift mode yields a perturbation of 20-80%, which is much larger than the relative perturbation of the background magnetic field. This finding is complementary to previous investigations, in which drift modes were found to be essentially uninfluenced [52] . Those experiments were done at a large frequency missmatch .
Spatiotemporal dynamics of turbulent structures
A weakly developed turbulent state is established by the increase of the ambient magnetic field. Two radial regions must be distinguished: In the maximum radial density gradient region, where the coherent modes have their peak amplitude, a quasicoherent m = 1 drift mode develops. Using bicoherence analysis shows that the quasicoherent mode is a result of the non-linear interaction of higher modenumbers and its associated inverse energy transfer [53] . However, the characteristics of the quasicoherent mode differs considerably from that of a linear mode, most prominent in the phase shift between density and plasma potential fluctuations (Fig. 6a) . The quasicoherent modes are found to have phase shift between density and potential fluctuations around ≈ π/2, much larger than the linear drift modes. Consequently, the transport associated with the quasi-coherent mode is much stronger and was shown to result in a localized 'peeling-off' of density from the maximum radial density gradient region. This results in a development of turbulent coherent structures [44] . These structures are convected azimuthally with background E × B drift but develop a radial velocity component, leading to a spiral structure propagation into the far plasma edge. This contributes significantly to anomalous cross-field transport. The reason for the radial propagation becomes evident if the related fluctuating plasma potential is evaluated: The turbulent density structure together with the turbulent potential fluctuation pattern are depicted in Fig. 6b . Their fluctuation amplitude is similar to that of the quasicoherent mode. The same holds true for the phase shift between density and potential fluctuation, which is found to be ≈ π/2 as well. The mechanism of radial turbulent structure propagation in linear magnetic field geometry is similar to what is observed in the tokamak SOL: Due to the self-consistently formed azimuthal electric field the resulting E × B drift leads to radial structure propagation. The relative propagation speeds are v r ∼ 10%c s (with c s the local ion sound speed), which is similar to the relative values obtained in the tokamak SOL [54] . However, the mechanism for polarization of the turbulent density structure is here different from curved magnetic field geometry and curvature is of course not responsible for the structure polarization. The perpendicular magnetic field perturbations associated with the quasi-coherent drift mode and the turbulent structure are depicted in Fig. 7a and b, respectively. Shown are the average density fluctuation amplitude in color code together with arrow plots of the average magnetic field fluctuations The quasi-coherent mode pattern shows qualitatively the same behavior as saturated drift modes (c.f. Fig. 4 ). The density fluctuation maximum is associated with a parallel current filament localized at the density fluctuation. Different from the drift modes, magnetic fluctuations are also observed outside the gradient region due to radial spreading of density fluctuations. Magnetic field fluctuations are observed in the plasma edge (Fig. 7b) . The poloidal propagation of the turbulent structure is clearly visible and is, given by the background E × B rotation of the plasma column, typically a factor three larger than the selfconsistent radial structure propagation [44] . Also in the far plasma edge with nearly vanishing density gradient (c.f. Fig. 2 ) large magnetic field fluctuations are observed with amplitudes comparable to those of the quasi-coherent mode. The fluctuations are correlated with the radially propagating turbulent structures and form a vortex around the density structure. This is the fingerprint of a parallel current filaments, similar to those observed in drift modes. It demonstrates experimentally the parallel electron dynamics associated with the radially propagating turbulent structure. The parallel component of the magnetic field fluctuations is again negligible. This finding strongly suggests that the mechanism, which leads to the selfconsistent electric field of the turbulent structure, is not related to neutral wind processes only, which act in the two-dimensional plane [46] , but that the electron dynamics parallel to the ambient magnetic field results in the phase-shifted potential. In conclusion, similar to the basic drift wave instability mechanism, also the observed propagation of turbulent structures can be understood only if the three-dimensional.dynamics is taken into account.
Summary and Conclusions
Single coherent drift modes and structure propagation in drift wave turbulence has been experimentally studied in Vineta. Due to the high plasma density at low electron temperature the plasma collisionality is high and has radial gradients similar to the plasma density. The drift wave instability has been unambiguously identified. Coherent drift modes are strongly affected by the radial collisionality variation, leading to azimuthally bent eigenmode patterns. The mode structures and mode frequencies are in agreement with the linear dispersion relation. The intrinsically three-dimensional nature of drift waves is demonstrated by measurements of the perpendicular magnetic field fluctuations, which reveal parallel current filaments that are directly correlated with the amplitude of the mode's density fluctuations. Outside the radial density gradient region as well as in the plasma center no significant magnetic field fluctuations are observed. The dispersion of the coherent drift mode can be influenced by inductively driving parallel currents via Alfvén wave excitation. This is despite the small relative excitation amplitude, which decreases axially due to collisional damping. The radial profile of the Alfvén wave peaks in the plasma center and deceases in radial direction. It with the double-humped magnetic fluctuations amplitude profile of the drift mode. In the overlap region the drift wave current perturbation as caused by the Alfvén wave reaches relatively high values of more than 30%. In response to the current pertubation the drift mode is frequency-pulled if the Alfvén wave frequency is tuned into a narrow regime around the unperturbed drift wave frequency, thereby significantly changing the drift mode dispersion. A similar effect was observed, when the parallel current pattern is mode-selectively driven [15] : The fluctuating parallel current patterns were non-inductively driven using biased electrodes In the present case an interaction is observed even without exciting a mode selective current pattern, but for a narrow frequency range only. The present result demonstrates that synchronization of a single coherent drift mode can be achieved without selecting the mode structure. For larger frequency mismatch the drift mode and Alfvén wave, both seem to exist independently and no interaction is observed. This is in agreement with earlier experiments, where no significant influence of the drift mode was observed if the Alfvén wave frequency is considerably higher than the drift mode frequency [52] . In drift wave turbulence the perpendicular magnetic field fluctuation profile of the quasi-coherent m = 1 drift mode resembles very that of the linear modes. However, due to the radially spreading of the density fluctuations into the far plasma edge the magnetic field fluctuation amplitudes are higher outside the radial density gradient region. The highest amplitudes are still associated with the quasi-coherent drift mode. The phase shift between density and potential fluctuations is higher than that of linear modes and approaches π/2, thereby increasing the radial fluctuation-induced transport. This leads to a 'peelingoff' of plasma density from the gradient region, which was shown to propagate radially outwards [44] due to its self-consistent azimuthal potential structure, which is also ≈ π/2 phase shifted with respect to the density. In the far plasma edge the fluctuations of density and magnetic field have a similar amplitude as the quasi-coherent mode in the maximum radial gradient region. This strongly suggests that the dynamics associated with the turbulent structure is of three-dimensional character and is similar to the drift wave mechanism. In that sense the fluctuating currents parallel to the ambient magnetic field are responsible for generating the azimuthal electric field, which in turn leads to the radial propagation of turbulent structures.
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